Abstract-Medium a c e s control (MAC) protocols significantly affect the performance of Sensor networks. Little attention, however, has been devoted to the impact of physical layer characteristics on the MAC layer. One of the most important physical layer parameters is the receiver sensitivity. In this paper, we study the impact of receiver sensitivity on the network performance using a recently developed communication-theoretic framework for the analysis of multi-hop ad hoc wireless networks.
I. INTRODUCTION One of the important issues in sensor networks is the choice of the medium access scheme. Lack of central authority leads to interesting trade-offs and interactions between physical, medium access control (MAC), and muting layers of the network protocol stack. In particular, the impairments introduced by the wireless channel make the choice of the MAC protocol crucial. The use of multiple access schemes based on centralized division of the common radio resource (e.g., time division multiple access) is quite complex, due to synchronization reasons. Random access seems then a more appealing choice in ad hoc wireless networks. Random access MAC protocols for one-hop wireless networks, such as Aloha and carrier sense multiple access (CSMA), have been studied in great detail in the literature [I] , 121 . The impact of unequal carrier sensing and transmitting ranges has been considered in [3], 141 . The effect of variations in network size, network density, and traffic load on the performance of an ad hoc wireless network using CSMA MAC protocol has also been studied [5] .
In [6] , [71, through a novel communication-theoretic approach to the analysis of ad hoc wireless networks, assuming a multi-hop circuit-switched network communication scenario with disjoint active multi-hop routes, two reservation-based 'G. Fe represents the bandwidth-distance product which is actually carried by the network-it obviously depends on the actual network traffic load. The basics of the two MAC protocols proposed in [6] , 171 are outlined in the following. The first MAC protocol, defined as reserve-and-go (RESGO), is such that each node, after reserving a route, transmits without sensing the channel'. The receiver sensitivity is such that a node can hear only B neighboring node.
The second MAC protocol, defined as reserve-listert-andgo (RESLIGO) is characterized by the fact that a node, after reserving a multi-hop route to its destination, senses the channel before transmitting: if no transmission is going on, then the node stans transmitting'. In this case, the receiver sensitivity at each node is assumed to he infinite. In this paper, we extend RESLIGO MAC protocol, as proposed in [6] , [7] , to account for limited receiver sensitivity, which corresponds to a practical scenario. For the sake of notation simplicity, we still refer to this MAC protocol as RESLIGO (with limited receiver sensitivity), and we analyze the impact of its use on the performance of a circuit-switched sensor network in terms of BER and effective transport capacity. In pmicular, we show that, for large values of the receiver sensitivity, RESLIGO MAC protocol with limited receiver sensitivity reduces to RESGO MAC protocol, whereas for sufficiently low values of the receiver sensitivity it reduces to the original RESLIGO MAC protocol [6], [7] . For a given ' T h i s MAC protocol was referred in [6]. [7] x Aloha MAC protocol, for its resemblance, in terms of route activation independent from the activity of other nodes in the network. with the classid Aloha MAC pro~ocol [I] . However.
there are significant differences which make the proposed protocol different from the classical Aloha MAC protocol (i) A necessary condition that needs to be satisfied is that the average inter-arrival time between two consecutive packet generations must be shorter than the packet duration, i.e.,
The route creation phase is not considered in detail, since it is beyond the scope of this paper. However, we point out that it should be based on broadcast percolation [8]-1101. The nodes are static and lay at the vertices of a perfectly uniform grid suucture. The node regularity allows to isolate and evaluate the sole impact of receiver sensitivity. Moreover, this model may he an accurate model for particular fixed sensor networks.
B. Communication-Theoretic Principles
We assume that N nodes are placed at the vertices of a square grid inside a circular? area A. Defining by ps 4 N / A the node spatial density, the minimum inter-node distance can be written as rL = l/& [6], [7] . Denoting by BERL the BER at the end of a minimum length link, it is possible to show that the BER at the end of the n-th link of a multi-hop route can be written as that the number of hops is uniformly distributed between one and the maximum number over a diameter of the circular network area, it is possible to show that iih = Lm], where the notation L.1 indicates the integer value closest to * [6], [7] . Denoting by BER the average BER, it follows that
Note that the'link BER depends on the signal-to-noise ratio (SNR) at the ending node of the link and on the characteristics of the transmission channel. We assume that the transmitted signal is affected by free-space loss. Hence, according to Friis formula [ I l l , the received signal power at distance d from the transmitter, denoted by Pid', has the following expression: terms of receiver sensitivity, denoted by Smi, and defined as the minimum received power necessary for a received signal to be distinguished from background noise. The lower the receiver sensitivity, the more sensitive is a receiver. 
A. Carrier Sensing Range and Carrier Sensing Area
Given the receiver sensitivity of a node in the network, it is possible to determine the carrier sensing range, defined as the distance at which the transmitted power reduces, because of free space propagation loss, to &in. Indicating by r,, the canier sensing range, using Friis formula it follows that Obviously, the received power between two neighboring nodes has to be larger than the receiver sensitivity, i.e., the following condition must be satistied for the network to properly work CrPtPS 2 s m i n .
(6)
We refer to the area, surrounding a node, inside which nodes can "hear" the central node, as carrier sensing area. For ease of analysis, we assume that the canier sensing area is squarequalitatively, the obtained results hold also in the case of circular carrier sensing area which corresponds to the case of nodes equipped with omnidirectional antennas. In Fig. 1 , the canier sensing area relative to node ns is indicated as a shaded area. As one can immediately see, the canier sensing area includes a finite number of concentric tiers, from order 1 to order car where 
B. Interference Power
Based on the notions of canier sensing range and canier sensing area, it is possible to derive an expression for the interference power experienced at the ending node of a link in the center of the network (for instance, the link between ns and ng in Fig. 1 ) . It is immediate to conclude that the vulnerable time interval for a given node in the network will depend on its current position, and can he obtained by extending to this case the analysis conducted in the case of RESLIGO MAC protocol. It is possible to show that in this case the interference power can be written as where in,, = f i / 2 and r,,, = r L / c is the propagation,time between two neighboring nodes.
IV. BIT ERROR RATE PERFORMANCE
We evaluate the BER as a function of the receiver sensitivity. . There exists a critical minimum receiver sensitivity value, indicated as Siin, below which the BER is the same, regardless of the packet generation rate. In this case, the receiver sensitivity is such that only a single route at a time is active in the network, i.e., this corresponds to the case of RESLIGO MAC protocol as proposed in [6], [7] . For the considered values of the major network parameters in Fig. 2 , Siin = -120 dBm. From a practical point of view, the condition S,i, = --03 corresponds to the condition Smin < Skin.
. There exists another critical value of the receiver sensitivity, indicated as Szin, above which the BER is constant with respect to Smi,, and depends only on the packet generation rate. In this case, a node can only hear its immediate neighbors. This scenario corresponds to the case of a sensor network where RESGO MAC protocol is being used. For the considered values of the major network parameters in Fig. 2 , Sgin = -80 dBm. i Siin, where the BER performance depends on both packet generation rate and receiver sensitivity. From the results in Fig. 2 , it is immediate to conclude that, for a given value of the node spatial density ps, there exists a minimum possible achievable BER. In particular, there exists a minimum critical receiver sensitivity S,$, such that the minimum possible BER can be obtained by using a receiver sensitivity lower than Skim.
V. EFFECTIVE TRANSPORT CAPACITY
Transport capacity has recently been proposed as a metric for evaluating the performance of ad hoc wireless networks [12], since it represents a measure of the traffic hauling capacity of the network. In [61, the concept of effective rraiisport capaciry, defined as the actual bandwidth-distance product carried bythe network, is introduced. In the following, we extend the analysis proposed in [6] to evaluate the effective transport capacity (and, consequently, its overall maximum corresponding to the transport capacity) in a network communication scenario with RESLIGO MAC protocol.
A . Derivation
Based on the approach proposed in [61, the effective transport capacity in a circuit-switched ad hoc wireless network, where simultaneously active multi-hop routes are disjoint, can be generally written as follows:
where AraT represents the number of disjoint multi-hop routes simultaneously active and 5i,h is the average sustainable number of hops. The idea behind the derivation of (11) is simple and intuitive. Since the multi-hop mutes are disjoint, in each one of them the effective bit information flow is generated at the source node of the route (at average rate XL). The average sustainable number of hops is defined as follows [6],
where Eh is the average number of hops (an expression for which has been given before) and n!&-represents the maximum sustainable number of hops according to the maximum prescribed final BER. More precisely, indicating by BERma the maximum acceptable BER, from (1) it is immediate to obtain that
The condition on the maximum acceptable BER at the end of a multi-hop route (embedded into the average sustainable number of hops) can be interpreted as a condition on the quality of service (QoS) which is guaranteed, on average, by the network. Hence, the product XLSi,hrL represents the average effective transport capacity (bandwidth-distance product) associated with a single multi-hop route under a given QoS constraint. The total aggregate effective transpon We now analyze the number NaT of simultaneously active multi-hop communication routes. In particular, based on the definition of receiver sensitivity and canier sensing area, it is possible to determine the effective area "silenced" by a single active route, and, consequently, to determine how many routes can be be simultaneously active. Assuming straight multi-hop routes, as shown in in Fig. 3 , it is possible to show that the maximum average number of simultaneously active routes is
For decreasing values of the receiver sensitivity, c, increases, and the RESLIGO MAC protocol with limited receiver sensitivity reduces to the RESLIGO MAC protocol in [61, [7] when NEEsL1Go x 1, i.e., when N x c , ( G + c.).
B. Numerical Results
In Fig. 4 , the maximum effective transport capacity obtainable for each value of the average packet generation rate is shown. Various values of the receiver sensitivity are considered, and the performance in the ideal (no INI) case is also shown. As one can see from the figure, for decreasing values of the receiver sensitivity, the corresponding maximum effective transport capacity curve shifts from left to right. In particular, for sufficiently high values of the receiver sensitivity (Smin 2 -80 dBm with the numerical values used in the figure for the network parameters), the performance with RESLIGO MAC protocol coincides with that obtained using RESGO MAC protocol, whereas for sufficiently low values of the receiver sensitivity (Smin 5 -140 dBm), the RESLIGO MAC protocol with limited receiver sensitivity reduces to the RESLIGO MAC protocol as proposed in [61, [7] . Hence, for small traffic loads, it is beneficial to use a relatively high receiver sensitivity, since the corresponding allowed spatial reuse significantly increases the effective transport capacity.
On the other hand, for large traffic loads, the effective transport capacity is maximized by sufficiently reducing the receiver sensitivity, i.e., by reducing the number of simultaneously active routes, and, correspondingly, the inter-node interference. In Fig. 5 , the effective tpnsport capacity is shown as a function of the number of nodes in the network, for fixed average packet generation rate (A = 1 pck/s) and receiver sensitivity (.Smin = -120 dBm), and for various values of the transmitted power. In all considered cases, at some point the effective transport capacity curve becomes constant (and highest): this corresponds to the case of fully connected sensor networks, i.e., networks where ?i3k = Eh. According to the results in the figure, for large number of nodes, the larger effective transport capacity ' is obtained by reducing the transmitted power. This counter-intuitive result can be explained as follows. We first note that the network area is constant, so that for increasing value of the number of nodes, the node spatial density increases proportionally. Assuming that the considered receiver sensitivity allows a significant spatial reuse (the values of the network parameters considered in Fig. 5 satisfy this condition) , it is reasonable to assume that nh >> cs. so that -Since we are considering the case of a fully connected network, recalling the definition of c, in (7). the effective transport capacity ( I 1) can be written as Hence, for fixed values of A, A, and S,,,,,, the effective transport capacity for large N is inversely proportional to a.
VI. CONCLUDING REMARKS
In this paper, we have evaluated the impact of receiver sensitivity on the performance of circuit switched sensor networks. The MAC protocol considered, referred to as RESLIGO, and the corresponding network performance has been analyzed in terms of (i) BER at the end of an average multi-hop route and (ii) effective transport capacity. It has been shown that considering more and more sensitive receivers does not necessarily improve the network performance. In particular, in order to maximize the effective transport capacity, the optimal receiver sensitivity depends on the values of the traffic load and transmission data-rate:
. the highest possible effective transport capacity is obtained by considering very sensitive receivers: in this case, only one route at a time is active in the network and the traffic load can be increased significantly; on the other hand, for small traffic loads, the use of less sensitive receivers entails no degradation, in terms the effective transport capacity, with respect .to the ideal (no INI) case (by allowing the spatial reuse).
For connected sensor networks with a large number of nodes, it has been shown that, reducing the transmitted power might have a beneficial effect in terms of effective transport capacity. This seems to be a counter-intuitive yet important result.
